The long term ambition of energy security and solidarity, coupled with the environmental concerns of problematic waste accumulation, is addressed via the proposed waste-to-fuel technology. Plastic waste is converted into automotive diesel fuel via a two-step thermochemical process based on pyrolysis and hydrotreatment. Plastic waste was pyrolyzed in a South East Asia plant rendering pyrolysis oil, which mostly consisted of middle-distillate (naphtha and diesel) hydrocarbons. The diesel fraction (170-370 • C) was fractionated, and its further upgrade was assessed in a hydroprocessing pilot plant at the Centre for Research and Technology Hellas (CERTH) in Greece. The final fuel was evaluated with respect to the diesel fuel quality specifications EN 590, which characterized it as a promising alternative diesel pool component with excellent ignition quality characteristics and low back end volatility.
Introduction
The use of plastics has been associated with significant environmental problems due to their continuous accumulation in landfills, as plastic waste does not degrade or degrades at a very low pace. On average, 50% of the waste plastic generated in Europe is recovered, while the rest is sent to landfills [1] . In 2015, global plastic production reached 322 million tonnes, a dramatic increase compared to the 279 million tonnes produced in 2011 [2] . According to the World Bank [3] , plastic waste accounts for 8-12% of the total municipal solid waste (MSW) worldwide, while it is estimated to increase to 9-13% of the MSW by 2025. The increasing availability of such waste material in local communities, coupled with the high energy density, render waste plastics one of the most promising resources for fuel production [4] .
The pyrolysis of plastics and other MSW (end-of-life tires, organic wastes, etc.) for fuel production is practiced by several small-size companies worldwide, especially those of emerging economies, where industries such as cement, glass, and other energy-intensive sectors represent the reference market for this type of fuel (diesel-range hydrocarbons produced via the pyrolysis of plastics and MSW). The pyrolysis of plastics yields on average 45-50% of oil, 35-40% of gases, and 10-20% of tar [1] , depending on the pyrolysis technology. According to previous research, there are some cases where a high amount of liquid yield, more than 80 wt %, could be produced in the pyrolysis of individual plastic, which is higher than the pyrolysis of wood-based biomass in general [5, 6] . The pyrolysis oil can be valorized better if separated into separate fractions with different boiling point ranges, e.g., light (0-170 • C), mid-distillate (170-370 • C), and heavy (>370 • C) fractions. The total pyrolysis oil or fractions of it can be further upgraded via suitable conversion processes, such as catalytic
Results and Discussion
The two-step process for converting waste plastics to diesel fuel has been experimentally tested and assessed with respect to final fuel yield quality. In the sections that follow, the experimental results of the waste plastic pyrolysis and subsequent catalytic hydrotreatment are described as the outcome of the proposed waste-to-fuel pathway.
Upgrading of Plastic Waste via Pyrolysis
The plastic waste pyrolysis was produced at the semi-continuous operating pyrolysis plant in South East Asia (Figure 1 ). Mixed waste plastic mined from an old landfill was used without any pretreatment except for mechanical soil removal by a rotary screen. The most relevant components of plastic waste feedstock are 60-70 wt % polyethylene (PE)+polypropylene (PP) and 30-40 wt % polyethylene-terephthalate (PET). Pyrolysis was performed at approximately 400 • C and atmospheric pressure. The oil yield over the dry feedstock mass was estimated to be 49%, with an energy recovery in oil of about 54% (feedstock's Gross Calorific Value or GCV 42 MJ/kg; oil's GCV 46 MJ/kg). The feedstock had approximately 11 wt % solid residue, which in some rare cases could reach as high as 20 wt %. The overall mass and energy balance is shown in Figure 2 . pyrolysis-catalysis of high-density polyethylene has been investigated, with the pyrolysis of the plastic in the first stage followed by the catalysis of the evolved hydrocarbon pyrolysis gases in the second stage leading to gasoline range hydrocarbon oil (C8-C12), by Ratnasari et al. [7] . The results showed that, using the staged catalysis, a high yield of oil product (83.15 wt %) was obtained from high-density polyethylene. In the last years, the use of pyrolysis oil as a diesel fuel has been of main importance, and there are some latest references where they study the potential of using oils that have been derived from the pyrolysis of plastics at different temperatures in diesel engines [8] . Their results have shown that a further upgrade of pyrolysis oil is necessary in order for it to be suitable as a diesel substitute due to its unfavorable properties. Considering all of the above reasons, the aim of this study is the technical evaluation of the potential to convert waste plastics to high-quality diesel fuel by an optimal combination of pyrolysis and catalytic hydrotreatment. The pyrolysis was performed in a semi-continuous plant in South East Asia with a 5 t/d capacity, which is located nearby an old landfill that was supplying the plant with waste plastics. The upgrading of the pyrolysis oil was tested in the hydrotreatment pilot plant of the Centre for Research and Technology Hellas (CERTH) in Greece, rendering the desired diesel fuel. The analysis of the final diesel fuel was conducted in the Laboratory of Fuels Technology and Lubricants of the National Technical University of Athens in Greece.
Results and Discussion
Upgrading of Plastic Waste via Pyrolysis
The plastic waste pyrolysis was produced at the semi-continuous operating pyrolysis plant in South East Asia (Figure 1 ). Mixed waste plastic mined from an old landfill was used without any pretreatment except for mechanical soil removal by a rotary screen. The most relevant components of plastic waste feedstock are 60-70 wt % polyethylene (PE)+polypropylene (PP) and 30-40 wt % polyethylene-terephthalate (PET). Pyrolysis was performed at approximately 400 °C and atmospheric pressure. The oil yield over the dry feedstock mass was estimated to be 49%, with an energy recovery in oil of about 54% (feedstock's Gross Calorific Value or GCV 42 MJ/kg; oil's GCV 46 MJ/kg). The feedstock had approximately 11 wt % solid residue, which in some rare cases could reach as high as 20 wt %. The overall mass and energy balance is shown in Figure 2 . 
Pyrolysis Oil Quality
The total pyrolysis oil produced included a wide boiling-point range of molecules that cover all transportation fuel standards (naphtha, kerosene, diesel, and heavy oil). The properties and distillation characteristics of the pyrolysis oil are given in Table 1 below. According to the density (test method ASTM D4052 [9] ) and distillation (test method D86 [10] ), the total pyrolysis oil can render various transportation fuel products, namely naphtha, diesel, and wax, of different boiling-point ranges. The temperatures that have been used as cut points for the naphtha and diesel fractions are presented in Column 3 (Notes) in Table 1 . More specifically, the main product is in the diesel range, attributed to 68.5 wt % of the total pyrolysis oil produced. A significant product is also naphtha (gasoline), accounting for 26.5 wt % of the pyrolysis oil, while there is a small yield of wax (4 wt %). 
The total pyrolysis oil produced included a wide boiling-point range of molecules that cover all transportation fuel standards (naphtha, kerosene, diesel, and heavy oil). The properties and distillation characteristics of the pyrolysis oil are given in Table 1 below. According to the density (test method ASTM D4052 [9] ) and distillation (test method D86 [10] ), the total pyrolysis oil can render various transportation fuel products, namely naphtha, diesel, and wax, of different boiling-point ranges. The temperatures that have been used as cut points for the naphtha and diesel fractions are presented in Column 3 (Notes) in Table 1 . More specifically, the main product is in the diesel range, attributed to 68.5 wt % of the total pyrolysis oil produced. A significant product is also naphtha (gasoline), accounting for 26.5 wt % of the pyrolysis oil, while there is a small yield of wax (4 wt %).
Mid-Distillate Fraction Quality
As was aforementioned, the pyrolysis oil can be valorized better if it is fractionated into separate products with different boiling-point ranges. The main fraction is the mid-distillate fraction (170-370 • C), accounting for 68.5 wt % of the total pyrolysis oil. This fraction was separated via distillation and it was further examined as a diesel fuel. The properties of the mid-distillate fraction are given in Table 2 , juxtaposed with the corresponding EN 590 quality specifications [11] . The mid-distillate fraction of the pyrolysis oil for the most part abides by the EN 590 diesel fuel specifications, which renders it a potential diesel component. According to Table 2 , the density of the mid-distillate (802.7 kg/m 3 ) is slightly lower compared to the EN 590 standards, which range between 820 and 845 kg/m 3 . It should be noted that density affects the level of engine power. Furthermore, kinematic viscosity is another important parameter that affects the performance of diesel fuel pumps and injection systems as it presents the resistance of fuel to flow. The viscosity of the mid-distillate is 2.3 mm 2 /s, which meets EN 590 standards. The cetane number (CN) as well as the cetane index (CI) presents the ability for auto-ignition of the fuel; in general, high values of CN and CI improve the engine performance. Mid-distillate not only meets the EN 590 standards for the CN and CI, but both the values of the CN (60.7) and CI (66.7) are significantly higher than the minimum value of EN 590 (CN: 51 and CI: 46), giving an advantage to mid-distillate. As far as the bromine number of the pyrolysis mid-distillate is concerned, it is 35.7 g Br/100 g, which is a very strong indication of olefins' presence in the sample as a product of the pyrolysis process. Finally, lubricity defines the ability of fuel to minimize damage between surfaces in relative motion under load in internal combustion engines. According to Table 2 , the lubricity is lower (276 µm) than the maximum limit value of the EN 590 specifications. On the other hand, there are some properties that do not meet the EN 590 standards for diesel fuel. The problematic properties include a higher sulfur content than the minimum of 10 mg/kg, a slightly low flash point, and higher oxidation stability. The Sulfur should have an organic origin, being a leftover of organic anaerobic biodegradation occurring in the landfill for many years, as plastic has virtually no Sulfur. However, another problematic characteristic of the mid-distillate fraction of the pyrolysis oil was its color, which is usually dark brown and not "clear and bright" as is normally expected for diesel fuels. In order to overcome these three diesel specification violations, an additional catalytic hydrotreatment step was considered.
Pyrolysis Oil Hydrotreatment
Catalytic hydrotreatment is a key refinery process that enables heteroatom removal and saturation reactions, leading to a significant improvement in the quality of the treated fuels [36] . Moreover, catalytic hydrotreatment is foreseen as a key upgrading process for the valorization of bio-based feedstocks, such as lipids [37] [38] [39] , pyrolysis oils [40, 41] , and bio-oils [42, 43] , for the production of high quality renewable fuels. As a result, this process was considered to be the necessary conversion step for the conversion of the mid-distillate fraction of pyrolysis oil to diesel fuel.
The catalytic hydrotreatment of the mid-distillate fraction of pyrolysis oil was conducted in CERTH's hydroprocessing pilot plant (Figure 3) . The mass balance of the catalytic hydrotreating of the mid-distillate fraction of the pyrolysis oil is shown in Figure 4 , while the mass balance closure was 98.8%. The conversion yield was 98.3 wt % and the H 2 consumption was 0.01 g H 2 /g mid-distillate pyrolysis oil converted. , giving an advantage to mid-distillate. As far as the bromine number of the pyrolysis mid-distillate is concerned, it is 35.7 g Br/100 g, which is a very strong indication of olefins' presence in the sample as a product of the pyrolysis process. Finally, lubricity defines the ability of fuel to minimize damage between surfaces in relative motion under load in internal combustion engines. According to Table 2 , the lubricity is lower (276 μm) than the maximum limit value of the EN 590 specifications. On the other hand, there are some properties that do not meet the EN 590 standards for diesel fuel. The problematic properties include a higher sulfur content than the minimum of 10 mg/kg, a slightly low flash point, and higher oxidation stability. The Sulfur should have an organic origin, being a leftover of organic anaerobic biodegradation occurring in the landfill for many years, as plastic has virtually no Sulfur. However, another problematic characteristic of the mid-distillate fraction of the pyrolysis oil was its color, which is usually dark brown and not "clear and bright" as is normally expected for diesel fuels. In order to overcome these three diesel specification violations, an additional catalytic hydrotreatment step was considered.
The catalytic hydrotreatment of the mid-distillate fraction of pyrolysis oil was conducted in CERTH's hydroprocessing pilot plant (Figure 3) . The mass balance of the catalytic hydrotreating of the mid-distillate fraction of the pyrolysis oil is shown in Figure 4 , while the mass balance closure was 98.8%. The conversion yield was 98.3 wt % and the H2 consumption was 0.01 g H2/g mid-distillate pyrolysis oil converted. The diesel fuel produced from upgrading the mid-distillate pyrolysis oil fraction during the experimental testing at CERTH was a clear fuel ( Figure 5 ) with average sulfur of 12.1 mg/kg (see Table 3 ). The improvement of both the appearance and sulfur content of the produced fuel was very promising and leads to the further evaluation of the fuel as a potential transportation diesel fuel. 
Diesel Fuel Quality
The results of the analysis of the final product are given in Table 3 . As seen from the data in Tables 2 and 3 , most of the properties that were out of EN 590 specification limits for automotive diesel have been substantially improved. The hydroprocessed fuel has an excellent cetane number that approaches 75. The density and viscosity have been slightly decreased. The polyaromatic hydrocarbons content has been eliminated, and only a very small amount of monoaromatic hydrocarbons is still present in the fuel. All of these characteristics are an indication of a fuel with high paraffinic hydrocarbons content [44] . The values of the cold flow properties are also in accordance with a paraffinic-type fuel.
Regarding the properties of the mid-distillate fraction of the pyrolysis oil that were out of EN 590 standard specifications limits, there was a clear reduction in sulfur content from 43 to 12 mg/kg, but the hydroprocessed fuel still fails to meet the specification of 10 mg/kg. Sulfur in diesel fuel contributes to the formation of particulate matter (PM) in the engine's exhaust and affects the performance of vehicle emissions control equipment. It has therefore an indirect effect on emissions of CO, hydrocarbons, and NOX [45] . However, it should be mentioned that the deviation from the The diesel fuel produced from upgrading the mid-distillate pyrolysis oil fraction during the experimental testing at CERTH was a clear fuel ( Figure 5 ) with average sulfur of 12.1 mg/kg (see Table 3 ). The improvement of both the appearance and sulfur content of the produced fuel was very promising and leads to the further evaluation of the fuel as a potential transportation diesel fuel. The diesel fuel produced from upgrading the mid-distillate pyrolysis oil fraction during the experimental testing at CERTH was a clear fuel ( Figure 5 ) with average sulfur of 12.1 mg/kg (see Table 3 ). The improvement of both the appearance and sulfur content of the produced fuel was very promising and leads to the further evaluation of the fuel as a potential transportation diesel fuel. 
Regarding the properties of the mid-distillate fraction of the pyrolysis oil that were out of EN 590 standard specifications limits, there was a clear reduction in sulfur content from 43 to 12 mg/kg, but the hydroprocessed fuel still fails to meet the specification of 10 mg/kg. Sulfur in diesel fuel contributes to the formation of particulate matter (PM) in the engine's exhaust and affects the performance of vehicle emissions control equipment. It has therefore an indirect effect on emissions of CO, hydrocarbons, and NOX [45] . However, it should be mentioned that the deviation from the 
Regarding the properties of the mid-distillate fraction of the pyrolysis oil that were out of EN 590 standard specifications limits, there was a clear reduction in sulfur content from 43 to 12 mg/kg, but the hydroprocessed fuel still fails to meet the specification of 10 mg/kg. Sulfur in diesel fuel contributes to the formation of particulate matter (PM) in the engine's exhaust and affects the performance of vehicle emissions control equipment. It has therefore an indirect effect on emissions of CO, hydrocarbons, and NO X [45] . However, it should be mentioned that the deviation from the specification limit is very small, and it is assumed that with a small modification of the hydroprocessing operating conditions (hydrotreating temperature, pressure, liquid hourly space velocity, and H 2 /liquid feed ratio) the fuel will meet the specification limit. In the case of oxidation stability, the hydroprocessed fuel meets the specification limit, and the reduction achieved by the hydroprocessing is very important, as the value was reduced from 49 to 2.1 g/m 3 . Oxidation stability is related to the presence of olefins in the fuel, which are more prone to oxidation and the formation of insoluble measured by EN ISO 12205 (similar to ASTM D2274) [46, 47] . The method that is used in the petroleum industry for the indirect determination of olefins is the bromine number. The bromine number was determined in both samples, and for the pyrolysis mid-distillate it was measured at 35.7 g/100 g, while for the hydroprocessed sample the relevant value was below 0.1 g/100 g. These values are a strong indication of the presence of olefinic hydrocarbons in the pyrolysis oil, which were eliminated during the hydroprocessing reactions. An FTIR analysis run on both samples showed clear peaks in the area of C=C bonds absorption: strong absorption at 1641 cm −1 (C=C stretching of monosubstituted alkenes at 1648-1638 cm −1 , strong absorption at 993, 966, 910, and 889 cm −1 (C=C bending of monosubstituted alkenes at 995-985 and 915-905 cm −1 , C=C bending of trans-disubstituted alkenes at 980-9360 cm −1 , and C=C bending of vinylidene at 895-885 cm −1 ) [48] [49] [50] . These peaks do not appear in the hydroprocessed fuel, as was expected, since the olefins have been saturated (converted to paraffins and isoparaffins) in the hydroprocessing step. Furthermore, the flash point has been slightly improved (it increased from 48.0 • C to 52.5 • C), but still remains below the specification limit of 55 • C. This problem can be corrected by choosing a higher cut point temperature between the naphtha and mid-distillate fractions in order to eliminate low boiling-point components that affect the flash point from the mid-distillate.
The only fuel property that has been significantly deteriorated due to the hydroprocessing of the mid-distillate fraction of the pyrolysis oil was the lubricity, where the wear scar diameter (WSD) was increased from 276 to 552 µm, well above the specification limit of 460 µm. Hydroprocessing removes most of the polar compounds (mainly nitrogen, sulfur, and oxygen compounds) that are present in the fuel, which are responsible for the good lubricity of non-hydroprocessed fuels [51] . This is a common problem for all ultra-low sulfur middle-distillates. The use of fuels with poor lubricity can increase fuel pump and injector wear, and at the extreme cause catastrophic failure; on the other hand, a high-lubricity fuel may provide reduced wear and a longer component life [52] . 
Conclusions
The proposed methodology renders a promising alternative diesel fuel. In particular, the hydroprocessed mid-distillate fraction of the pyrolysis oil is an excellent ignition-quality mid-distillate fuel that in most cases meets the requirements of the EN 590 standard for automotive diesel, and can be considered a promising alternative diesel pool component. The successful conversion of plastic waste into diesel via the proposed two-step process is attributed primarily to the improved quality of the intermediate pyrolysis oil and its mid-distillate fraction, and particularly the low density and viscosity as well as low sulfur, water, and metals content. The plastic waste pyrolysis oil's properties are superior to those of biomass pyrolysis oil (bio-oil), which is characterized by high water content and is highly acidic [53, 54] , and those of scrap tire pyrolysis oil (STPO), which has high sulfur, nitrogen, and metals (Na, Ca, Ti, Fe, Cu, Al, Zn, Pb, and Cr) content [40, 55] . If compared to the plastic pyrolysis oil produced by another large-scale plant, whose content of naphtha, diesel, and wax is approximately 25 wt %, 60 wt %, and 15 wt % respectively, with a density of 854.5 kg/m 3 [55] , a larger amount of mid-distillate and a smaller amount of wax in the assessed pyrolysis oil is confirmed. As a result, a waste pyrolysis oil upgrade requires a single hydroprocessing step, while the other types of pyrolysis oil require multiple hydroprocessing steps, rendering the upgrading cost unattractive as it constitutes 70-85% of the overall production cost [56] .
Materials and Methods

Plastic Waste Pyrolysis Plant
The plastic waste pyrolysis was produced via assessment tests of a pyrolysis plant of plastic waste sorted by an old landfill operating in South East Asia in 2015. The precise composition of the feedstock was unknown, but was estimated to be a majority mixture of PE, PP, and PET, with minor contributions of Polystyrene PS, being entirely packaging materials (bags, liquid containers, bottles, etc.) Unlike most pyrolysis plants operating in batch mode, this plant has semi-continuous operation with a capacity of 5 t/d. The loading of the plastic waste was continuously performed via a modified extruder, and after~48 h the residues and ash were extracted without cooling via a water-jacked screw (<5 h duration). Residues extraction was performed after a period when the plant was cooked off, i.e., the reactor is maintained at a hot temperature without loading new feedstock. Then, the waste plastic loading started again and the aforementioned process was repeated. The pyrolysis plant reactor is heated partially via non-condensable gas and partially by LPG (Liquefied Petroleum Gas). The pyrolysis plant's layout has some similarity to the Mikasa and Niigata liquefaction plants in Japan [57] , but without any plastic pre-treatment and with an enhanced feeding device capable of keeping the reactor sealed. The plant employs fractional condensation to separate heavy hydrocarbons, which is pumped back into the pyrolysis reactor, from the main oil stream, while a portion of light condensate is directly used on site as a gasoline substitute for power generators. Figure 1 shows the simplified process scheme. The proper sizing of the pyrolysis reactor and the oil condensers was a key prerequisite for the commercial operation and functionality of the plant. A 3 L sample of the mid-distillate fraction was obtained from the distillation of approximately 30 L of raw pyrolysis oil obtained during normal operation of the pyrolysis plant.
Catalytic Hydrotreatment Plant
For the experimental testing, the hydroprocessing pilot plant VB01 of CERTH was employed, which is schematically depicted in Figure 3 . The VB01 hydroprocessing plant operates in continuous mode 24/7 at typical operating regimes of industrial hydroprocessing units (i.e., maximum system pressure 150 barg, maximum reactor temperature 450 • C, H 2 /oil up to 10,000 scfb). The VB01 hydroprocessing plant consists of (a) the feed system, (b) the reactor system, and (c) the product separation and collection system. The feedstock is loaded into the feed system, consisting of a heated feed-tank with recycling, which allows for both the controlled heating and homogeneity of the feedstock. The feedstock is compressed and then mixed with high pressure H 2 , entering the reactor system which consists of six independent heated zones allowing for isothermal operation. The reactor effluent finally enters a high-pressure low-temperature separator, which allows for liquid and gas product retrieval.
For the experimental testing of the potential of upgrading pyrolysis oil via a catalytic hydrotreatment, 3 L of the mid-distillate fraction of the pyrolysis oil were sent to CERTH. The mid-distillate fraction of the pyrolysis oil was a dark brown colored sample ( Figure 5 ), visually resembling heavy oil, which was loaded in the VB01 catalytic hydroprocessing pilot plant of CERTH ( Figure 3 ) without any pretreatment. The hydroprocessing testing employed a commercial NiMo/Al 2 O 3 hydrotreating catalyst and typical hydrotreating conditions (system pressure 80-100 barg, reactor temperature 350-375 • C, H 2 /oil ratio 5000 scfb, liquid hourly space velocity 1 h −1 ).
Final Product Quality
In order to evaluate the potential for utilizing the upgraded mid-distillate fraction of the pyrolysis oil as a drop-in diesel fuel, a 1 L sample was sent to the Fuels and Lubricants Technology Laboratory of the National Technical University of Athens (Greece). The analysis of the sample was made by employing mainly the test methods described in the EN 590 standard for automotive diesel fuel.
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